Neste trabalho foi investigado o ataque nucleofílico sofrido no estado sólido pelo complexo trans- [Ru(NO) 
. The reaction was monitored and the products analyzed using nuclear magnetic resonance spectroscopy (   31   P{   1   H} CP-MAS NMR and   31   P{   1 H} NMR), infrared spectroscopy (FTIR), electron paramagnetic resonance spectroscopy (EPR), cyclic voltammetry (CV), electronic spectroscopy (UV-Vis) and elemental analysis. According to experimental data and quantum mechanical calculations (DFT), the reaction proceeds in the solid state by the nucleophilic attack on the phosphorus ligand, promoted by the strong polarization along the P
III -Ru

Introduction
The relevance of nitric oxide and therefore of the nitric oxide synthase enzymes (NOS) in biological processes is now widely recognized. [1] [2] [3] In the absence of oxygen, i.e., hypoxia situation of living organisms, the NOS enzymes are inhibited. 1 Ruthenium nitrosyl complexes of the type trans-[Ru(NO)(NH 3 ) 4 
(L)]
3+ (L = N-heterocyclic and triethylphosphite P(OEt) 3 ) are very robust in aqueous solutions, but when activated by one electron reduction, they Vol. 21, No. 7, 2010 release NO 0 at rates that may be controlled depending on the nature of L. 4, 5 Phosphorus esters are known to be quite reactive. 10 In acidic solutions, triethylphosphite, P(OEt) 3 , undergoes acid catalyzed hydrolysis yielding diethylphosphite (P(OH)(OEt) 2 ) and diethylphosphonate (P(H)(O)(OEt) 2 ) by the Michaelis-Arbusov reaction mechanism. 11 Furthermore, in the presence of oxidants such as hydrogen peroxide or bromine, the oxidation of P III to P V is observed to take place easily. The formation of the stable P=O bond is considered to be the driving force for this reaction. 12 However, when coordinated to Ru II , P(OEt) 3 ). 5 The band assigned to ν(NO + ) was found to shift to a lower wavenumber (1885 cm -1 ), indicating changes in the phosphorus ester ligand as a function of time. Concomitantly, changes in the intensity of the band relative to d(CH 3 ) at 1390 cm -1 (Figure 1 , a) were also observed in the aged sample. The area calculated for this band in the degradation product is 35% smaller than that determined for the starting material. This suggests the loss of an ethyl group (C 2 H 5 ) from the original complex. Two new bands assigned as ν(P−O−H) 16 are observed to appear at 1140 and 940 cm -1 ( Figure 1 , b and c), corroborating the nucleophilic attack on the P(OEt) 3 3 were also kept under argon in ampoules, where the degradation process was found to take place at the beginning and then ceased after 3 months, suggesting that the process is air-moisture dependent. FTIR experiments carried out periodically showed that 20% of the initial amount of trans-[Ru(NO)(NH 3 ) 4 {P(OEt) 3 }](PF 6 ) 3 was converted into the degradation product. For these samples, no additional changes were observed in the FTIR spectra during a period of one year. Also, samples of trans-[Ru(NO) (NH 3 ) 4 {P(OEt) 3 }](PF 6 ) 3 stored in Schlenk tubes under dry argon did not undergo any decomposition after three months.
Elemental analysis of the degradated samples of trans-[Ru(NO)(NH 3 ) 4 {P(OEt) 3 }](PF 6 ) 3 showed a loss of 35% in the carbon content, but no changes in the nitrogen content. This is consistent with the loss of one ethyl group (C 2 H 5 ), suggesting strongly that the P(OEt) 3 ligand suffered nucleophilic attack. ) attributed to ligand field (260 and 316 nm) and charge transfer (522 nm) transitions. 8 This spectrum and band assignments are consistent with the described for other ruthenium nitrosyl tetraammines. 17, 18 No shift in the bands at 242 and 312 nm in the electronic spectra of the degradation product was observed in acetonitrile, suggesting the predominant ligand field character of the these bands. Due to the microsymmetry similarity exhibited by these two compounds, the electronic absorption bands of the product of nucleophilic attack were tentatively attributed to the same transitions assigned to (Figure 3 , top) was observed to disappear, being replaced with a new one at 67 ppm (Figure 3, bottom) . According to the literature, 8, 19 this chemical shift region for 31 P can be attributed to coordinated P III , and this indicates that the phosphorus ester remains coordinated after the degradation process. The change in the chemical shift by 13 ppm suggests the formation of a new P III species coordinated to the Ru II center, but with a weaker π acidity character than that presented by the P(OEt) 3 ligand. This would explain the observed displacement of the peak to a lower chemical shift value as a consequence of the small back-donation between the Ru II 4d π orbitals and P III 3d π orbitals. The splitting of the 31 P signals in both spectra may be due to polymorphism in the solid state samples. (Figure 4, b2) , whereas for the degradation product it is possible to observe two waves: one at −0.36V (b1) and another at −0.56V (c) (Figure 4) . From the stand point of the observed peak current intensity, the first wave may be assigned to the reduction process NO + /NO 0 (a1; E 0 = −0.36V). The shift of the half-wave potential of the NO + /NO 0 couple to more negative values is coherent with the reduced π acidity of the phosphorus ester ligand, corroborating the 31 P{ 1 H} CP-NMR and FTIR spectral data.
Until now, we do not have a good explanation for the second peak at −0.56V. A more detailed electrochemical investigation is being carried out.
All The reaction of phosphorus esters in acid media is well known and recognized to take place following the Michaelis-Arbusov type mechanism, in which the nucleophilic attack occurs at the carbon atom of the P(OEt) 3 ligand. The P(OEt) 3 3 is remarkably stabilized towards hydrolysis and thus stable over a wide pH range. 5, 8 This could be a consequence of an electron density enrichment on the phosphorus and carbon atoms by the strong back-bonding from the filled Ru II 4d π orbitals to the empty P III 3d π ligand orbitals. 5, 8, 13, 21 Under the influence of NO + , the back-bonding is significantly attenuated due to the competition between P(OEt) 3 for other tetraamines ( Figure 6 ). The redox potential for the NO + /NO 0 couple and the ν(NO + ) in these complexes are both dependent on the Ru 4d π → NO + p π* back-bonding. 5, 13 Based on this, it is possible to infer that the π acidity of the phosphite series follows the order: P(OH) 3 < P(OH)(OEt) 2 < P(OPr i ) 3 < P(OMe) 3 < P(OEt) 3 3 , may be explained by the changes in π acidity of the phosphorus ester trans to the nitrosyl ligand. A weaker π acid ligand allows a stronger Ru 4d π → NO + p π* backbonding, leading to a larger crystal field splitting between the 4d orbitals of the Ru II center. From the energy difference of the ligand field bands (Figure 2) , it is possible to estimate a stabilization of ca. 7 kcal mol -1 for the ruthenium 4d orbitals when P(OEt) 3 is replaced with P(OH)(OEt) 2 .
trans-[Ru(NO)(NH
The electronic density of the phosphorus and carbon atoms of the phosphite ligand is also expected to decrease in the nitrosyl complex. According to DFT calculations performed for the trans-[Ru(NO)(NH 3 ) 4 {P(OEt) 3 3+ and for the free P(OEt) 3 (Table 1) , it is possible to infer that, upon coordination to the metal center, remarkable changes occur in the P(OEt) 3 ligand, which becomes more electrophilic. According to the NBO charge values, the more positive is the NBO charge value, more susceptible is the atom to nucleophilic attack. 26 From the NBO data (Table 1) it is possible to infer that four atoms, i.e., the metal center, the nitrogen of the nitrosyl ligand and the phosphorus and carbon atoms of the CH 2 groups, are more susceptible to the nucleophilic attack. According to X-ray diffraction data 27 and quantum mechanical calculations, the metal center and phosphorus atoms, but not the carbon atoms, are expected to exhibit steric hindrance, therefore making the reaction difficult.
The solid state 13 C NMR spectra of the nitrosyl complexes containing P(OEt) 3 and P(OH)(OEt) 2 exhibited chemical shifts of 63 and 70 ppm for the CH 2 groups respectively, thus suggesting that the CH 2 group in the P(OEt) 3 complex is more eletrophilic than in the P(OH)(OEt) 2 species, being consequently more susceptible to nucleophilic attack. Corroborating the NBO data on Table 1 , the 13 C chemical shifts determined for the CH 3 groups of the diethyl/triethylphosphite ligands did not show any expressive difference (d(CH 3 ) 16.0 and 16.7 ppm respectively). On this perspective, the DFT calculations, together with the 13 C NMR data, strongly suggest a nucleophilic attack on the CH 2 group of P(OEt) 3 , following the Michaelis-Arbusov type mechanism of phosphorous ester hydrolysis and leading to P(OH)(OEt) 2 .
Experimental
All reagents were used as purchased from Aldrich and Merck. P(OEt) 3 was purified as described before. 8 Solvents, purchased from Mallinckrodt Baker and Merck, were purified following literature procedures. 29 Five samples of the trans-[Ru(NO)(NH 3 ) 4 {P(OEt) 3 }](PF 6 ) 3 complex were periodically analysed by spectroscopic techniques during a period of 8 months. Samples were stored in a vacuum desiccator (p = 0.035 bar), in which air moisture was controlled with a drying agent (CaCl 2 •H 2 O, air moisture 20 ± 3%). 29 Air moisture was continuosly measured using a hygrometer (Barigo, Vilingen-Schwenningen, Germany) and the samples homogenized every 15 days to avoid only superficial degradation. All manipulations of air sensitive compounds were carried out as described in literature, 30 using serum caps, teflon tubes and glass ) for some ruthenium nitrosyl phosphites. 3 }] (PF 6 ) 3 was synthesized as described in the literature. 5 UVVis measurements were performed on a Hitachi U-3501 spectrophotometer using a 1.0 cm path length quartz cell. Degassed solutions of the degradation product were transferred into quartz cells using teflon tubes. The spectra were recorded from 225 to 600 nm. FTIR spectra were recorded using a Bomem MB-102 series spectrometer, using KBr pellets, in the region of 2000-400 cm 3+ were performed with the Gaussian 03 package. 31 Optimized molecular geometries were calculated using the hybrid B3LYP exchange-correlation functional with the GDIIS algorithm, 32, 33 and tight self-consistent field convergence criteria were used for calculations. Solvent effects were evaluated using the Polarizable Continuum Model (PCM). 34 Single-point calculations with the B3LYP and the standard 6-311+G* basis sets for H, C, N, P and O, and the LANL2DZ basis set for Ru were performed. A dielectric constant of ε = 78.39 was used for the complexes in water. Natural atomic charges 35 from natural population analysis (NPA) were obtained with the NBO 3.0 program as implemented in the Gaussian 03 software. All the fully optimized geometries were characterized by vibrational frequency calculations, which showed only real frequencies. Zero-point vibrational energies were estimated based on the B3LYP frequency calculation (unscaled) using the same basis set as for geometry optimization.
Conclusions
The data presented here strongly suggest that, in solid state, a nucleophilic attack at the CH 2 group of P(OEt) 3 3 . After 8 months of storage, the conversion was found to be higher than 95% and the diethylphosphite complex was stable for a period of at least one year. The degradation process was followed with five independent samples and shown to be reproducible. The nucleophilic attack follows the Michaelis-Arbusov type-reaction mechanism. In solution, the nucleophilic attack occurs on the NO + and P(OEt) 3 3+ complex ions. The presence of the nitrosyl on the Ru coordination sphere appears to be the driving force for the nucleophilic attack, since no reaction was observed in the same experimetal conditions for the synthetic precursors of the nitrosyl complex. The strong π electron polarization generated by NO + may be useful as catalysis strategy to activate molecules for nucleophilic attack in biological pathways where NO is involved.
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